Subunit a of F 1 F o ATP synthase is required in the H + transport driven rotation of the c-ring of F o , the rotation of which is coupled to ATP synthesis in F 1 . The three dimensional structure of subunit a is unknown. In this study, Cys substitutions were introduced into two different transmembrane helices (TMHs) of subunit a, and the proximity of the thiol side chains tested via attempted oxidative cross-linking to form the disulfide bond. Pairs of Cys substitutions were made in TMHs 2/3, 2/4, 2/5, 3/4, 3/5 and 4/5. Cu +2 catalyzed oxidation led to cross-link formation between Cys pairs L120C(TMH2) and S144C(TMH3), L120C(TMH2) and G218C(TMH4), L120C(TMH2) and H245C(TMH5), L120C(TMH2) and I246C(TMH5), N148C(TMH3) and E219C(TMH4), N148C(TMH3) and H245C(TMH5), and G218C(TMH4) and I248C(TMH 5). Iodine, but not Cu +2 , was found to catalyze cross-link formation between D119C(TMH2) and G218C(TMH 4). The results suggest that TMHs 2, 3, 4, and 5 form a 4-helix bundle with one set of key functional residues in TMH4 (S206, R210, and N214) located at the periphery facing subunit c. Other key residues in TMHs 2, 4, and 5, which were concluded previously to compose a possible aqueous access pathway from the periplasm, locate to the inside of the four helix bundle.
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The H + -transporting F 1 F o ATP synthases of oxidative phosphorylation utilize the energy of a transmembrane electrochemical gradient of protons or Na + to mechanically drive the synthesis of ATP via two coupled rotary motors in the F 1 and F o sectors of the enzyme (1, 2) . In the intact enzyme, ATP synthesis or hydrolysis takes place in the F 1 sector at the surface of the membrane, synthesis being coupled to H + transport through the transmembrane F o sector. In Escherichia coli and other bacteria, F 1 consists of five subunits in an α 3 β 3 γ 1 δ 1 ε 1 stoichiometry (3). High resolution structures of the homologous α 3 β 3 γ subunits of the bovine mitochondrial enzyme revealed two extended α-helices of the γ subunit extending through the core of a hexamer of alternating α and β subunits (4, 5) . Rotation of the asymmetric γ subunit was proposed to alternately close and open the catalytic site within the β subunit to force synthesis and release of ATP according to the binding change mechansim (4, 6) . In a series of pioneering experiments, ATP hydrolysis and synthesis were subsequently shown to be coupled to the rotation of the γ subunit (7) (8) (9) .
The F o sector of bacterial ATP synthase spans the inner or plasma membrane. In E. coli and Bacillus subtilis PS3, F o is composed of three subunits in a likely ratio of a 1 b 2 c 10 (2, 10, 11) . Subunit c spans the membrane as a hairpin of two α-helices and is packed in a ring or cylinder-like structure with the first TMH on the inside and the second TMH on the outside (12, 13) 1 . In E. coli, Asp61 at the center of the second TMH is thought to undergo protonation and deprotonation as each subunit of the oligomeric ring moves past a stationary subunit a. In the Na + translocating Ilyobacter tartaricus ATP synthase, the c-ring is composed of 11 subunits (2, 14) . A high resolution structure of the I. tartaricus c 11 -ring has revealed the sodium binding site at the periphery of the cylinder with chelating groups to the Na + extending from two interacting subunits (14) .
The essential I.
t a r t a r i c u s Glu65 in the chelating site corresponds to E. coli Asp61. In the complete membranous enzyme, the rotation of subunit c is proposed to be driven by H + or Na + transport at the subunit a/c interface, and this rotation then drive rotation of the γε complex within F 1 and the coupled synthesis of ATP (2, 15, 16) . The linkage between γ and ε and the c-ring appears to be permanent as these subunits can be crosslinked to each other without loss of function (17) (18) (19) .
Subunit a is known to fold with 5 TMHs (20-22) with aTMH4 packing in parallel to cTMH2 (23) , i.e. the helix to which Asp61 is anchored. Subunit a is believed to provide aqueous access pathways to the proton-binding Asp61 residue in the c-ring, but the actual proton translocation pathway is only partially defined (24) (25) (26) . The interaction of the conserved Arg210 residue in aTMH4 with cTMH2 is thought to be critical during the deprotonationprotonation cycle of cAsp61 (24, (27) (28) (29) (30) (31) . Crosslinking of Cys residues introduced into subunits a and c, or b and c, support the positioning of subunit a and the two b subunits at the periphery of the c ring (23, 32, 33) . Little is known about the structure or three dimensional arrangement of the TMHs in subunit a. Several sets of second site suppressor mutations in one TMH, to the primary mutation in a second TMH, had suggested possible helical-helical interactions (20, (34) (35) (36) (37) (38) (39) (40) , and five of these pairs have been used as distance restraints in modeling a structure for TMHs 2-5 (41,42) . The second-site suppressor analysis suggested an arrangement of helices with interactions of TMH2 and TMH4 with TMH5, and TMH3 with TMH4 (34, 43) . In this study, we have introduced pairs of Cys residues in putatively opposing TMHs, initially in the vicinity of the second site suppressor pairs, and tested for zero-length, oxidative crosslinking of the Cys thiol groups to disulfide bonds. Cross-links were found with eight different Cys pairs and define a juxtaposition of TMHs 2-3, 2-4, 2-5, 3-4, 3-5 and 4-5 in a four helix bundle. When correlated with chemical modification data (25, 26) , the juxtaposition of helices suggests the presence of two aqueous access pathways through subunit a. The first pathway maps to one face of TMH4 at the periphery of the four helix bundle and extends from the cytoplasm to the center of the membrane. The second pathway is centered in the midst of the four helix bundle and extends from the periplasm to the center of the membrane.
EXPERIMENTAL PROCEDURES
Construction of Mutants-The cysteine substitutions generated here were transferred into plasmid pCMA113 (25) , which encodes genes for the entire unc (atp) operon in which all endogenous Cys have been substituted by Ala (44) or the C21S substitution in subunit b, and a subunit a with a (His) 6 tag at the C-terminus. Cysteine substitutions were introduced by a twostep PCR method using a synthetic oligonucleotide, which contained the codon change, and two wild type primers (45) . PCR products were transferred directly into pCMA113 using unique HindIII (870) or PflMI (1136) and BsrGI (1913) sites (see ref. 46 for nucleotide numbering). aTMH2 and aTMH3 products were first transferred into pVF196 (20) , using NcoI (1305) and PstI (1561) sites or PflMI (1136) and PshAI (1805) sites respectively, and then transferred to pCMA113 with HindIII (870) and BsrGI (1913) as described above. All mutations were confirmed by sequencing the cloned fragment through the ligation sites. All experiments were performed with the mutant whole operon plasmid derivative of pCMA113 in the unc operon deletion host strain JWP292 (10) .
Growth Studies Testing Capacity For Cellular Oxidative Phosphorylation-Single colonies were grown on glucose minimal medium plates and then tested for growth in a 0.04% glucose liquid medium (31) . Cells were also plated on succinate minimal medium agar plates and colony size compared after incubation at 37 o C for 72 h (23) . Membrane Preparation-The JWP292 transformant cells were grown in media containing 0.6% glucose, 1 mM arginine, 0.2 mM uracil, 40 µM 2,3-dihydroxybenzoic acid, 2 µg/mL thiamine, 100 µg/ml ampicillin in a 10% dilution of LB medium (31) . The cells were harvested by centrifugation after reaching the late exponential phase of growth. The cell pellet was then resuspended in TMG (50 mM Tris-HCl, 5 mM MgCl 2 , 10%(v/v) glycerol, pH 7.5) with 1 mM phenylmethanesulfonyl flouride, 1 mM dithiothreitol, and 100 µ g / m L deoxyribonuclease I and disrupted using an Aminco French Press at a pressure of 124 MPa. After centrifugation and washing in TMG buffer, the resulting membranes were suspended in TMG buffer and a modified Lowry assay was used to determine the protein concentration (47) .
Copper Cross-Linking-Cross-linking was performed using membranes in TMG buffer at a membrane concentration of 10 mg/mL. A stock solution of 15 mM CuSO 4 and 45 mM ophenanthroline in TMG pH 7.5 (CuP) was added to the membranes to a final concentration of 1.5 mM CuSO 4 and 4.5 mM o-phenanthroline, and incubated for 1 hr at 37 o C. To stop the reaction, a stock solution of 500 mM EDTA in water at pH 8.0 was added to a final concentration of 50 mM EDTA and the samples were incubated for 15 min at 37 o C. In some cases, 10 mM 4-dimethylaminophenylazophenyl-4'-maleimide (DABMI) in dimethylformamide was then added to the samples to a final concentration of 1 mM and the samples incubated an additional 15 min at 37 o C. An equal volume of 2X SDS sample buffer (100 mM Tris pH 6.8, 4% SDS, 0.04% bromophenol blue, 20% glycerol) was added to solubilize the membrane and samples incubated for 1 hr at room temperature before analysis by SDS polyacrylamide gel electrophoresis. In some cases, β-mercaptoethanol (βMSH) was added to 2% (v/v) with the 2X SDS sample buffer.
Iodine Cross-Linking-Membranes were diluted in TMG to a concentration of 10 mg/mL. A 2.5 mM I 2 solution was made in absolute ethanol immediately before crosslinking. Iodine was added to a final concentration of 250 µM and incubated for 30 sec at room temperature. The reaction was stopped by addition of onetenth volume of a fresh 60 mM sodium thiosulfate solution made immediately before initiating the cross-linking reaction. Samples were treated with DABMI and solubilized for analysis by SDS polyacrylamide gel electrophoresis as described above.
S D S E l e c t r o p h o r e s i s a n d
Immunoblotting-The samples were run on SDS polyacrylamide gels using the Tris-Glycine system described by Laemmli with acrylamide and bis-acrylamide concentrations of 15% and 0.47% respectively (48) .
Following SDS electrophoresis, the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. The immunoblotting was performed using an anti-subunit a rabbit serum that recognizes the first ten amino acids of subunit a (49), using a 1:5000 dilution of antiserum into PBS-Tween-BSA (137 mM NaCl, 6.5 mM Na 2 HPO 4 , 1.5 mM NaH 2 PO 4 , and 0.1% Tween20 and 2%(w/v) bovine serum albumin) and a 1 hr incubation. An anti-rabbit secondary antibody coupled to horseradish peroxidase (Amersham, NA-934) and used at a 1:10000 dilution in PBS-Tween-BSA. The blot was incubated for 1 min with a chemiluminescence detecting solution (50 µL 90 mM p-coumaric acid in dimethylsulfoxide and 100 µL 250 µM luminol in dimethylsulfoxide added to 20 mL of 100 mM Tris-HCl buffer pH 8.5) and then exposed to film for visualization.
RESULTS

Characteristics of Double Cys Mutants-All
mutants were all able to grow on succinate as a carbon source, which indicates retention of functional oxidative phosphorylation systems, and most mutants grew as well as wild-type in glucose liquid media. As reported previously (20, 25) , the E219C mutant grew weakly on succinate and also less well than wild type on glucose liquid media. The H245C mutant did not grow on succinate, and therefore crosslinking from Cys245 was tested in a functional D119H/H245C suppressor background (20) .
Copper and I 2 Catalyzed Cross-Linking of TMH2/TMH4 Double Mutants-Cross-linking between TMHs within subunit a was assessed by a gel shift assay using 15% polyacrylamide gels. Such an assay had previously been used to measure cross-link formation between the extended α-helices of the Tar chemotactic receptor (50) . Cross-linking between helices of subunit a led to faster migration of the protein on SDS gels, as was also the case for the Tar receptor (50) . The conclusion that the gel shift is caused by cross-link formation is supported by the experiments described in Fig. 1 with the L120C/G218C double mutant.
In our exploratory set of experiments, cysteines were substituted at positions N116, L117, M118, D119, L120, L121, and P122 of TMH2 in combination with cysteines also substituted either at G218 or E219 in TMH4. Of these mutants, only the L120C/G218C showed a gel shift with a faster migrating band after treatment with CuP (see Fig. 1, lane 5 versus lanes 1 & 2) . The treatment with CuP led to protection of the two Cys from reaction with the maleimide DABMI (M r = 320 Da). Reaction of DABMI with the non-CuP treated protein resulted in an upward shift of the subunit a band due to the predicted increase in molecular mass of the doubly substituted protein by 640 Da (Fig. 1,  lane 3) . Prior treatment of membranes with CuP prevented the DABMI reaction and upwards shift of the band (Fig. 1, lane 4) . Finally, sequential treatment with CuP, DABMI and then 2% β-mercaptoethanol led to restoration of normal electrophoretic migration (Fig. 1, lane 6) . The β-mercaptoethanol, which was added to a 280-fold molar excess versus the DABMI present, was expected to reduce the disulfide bond formed in the presence of CuP and simultaneously react with the DABMI to prevent adduct formation with subunit a.
A similar mobility shift in the subunit a band was seen when D119C/G218C mutant membranes were treated with I 2 , which like Cu +2 catalyzes Cys-Cys disulfide bond formation ( Fig. 2A) . I 2 treatment of D119C/G218C membranes protected the subunit a cysteines from reaction with DABMI, and the gel shift was quantitatively reversed by treatment with β-mercaptoethanol. The 119/218 Cys pairs were subject to cross-link formation catalyzed by I 2 , but not subject to Cu +2 catalyzed cross-link formation (Fig. 2B) . Thus two reagents, which catalyze Cys-Cys disulfide bond formation by different chemical mechanisms (51, 52) , cause identical gel shifts for neighboring Cys pairs, i.e. the 119/218 Cys pair in the case of I 2 and the 120/218 Cys pair in the case of Cu +2 . We conclude that the increase in electrophoretic mobility observed on SDS-PAGE for the Cu +2 or I 2 treated, Cys-substituted subunit a is due to disulfide bond formation 2 .
Cross-Linking of TMH2 and TMH4 with TMH5-To further probe the structure of subunit a, the crosslinking analysis was performed between TMHs 2 and 5 and TMHs 4 and 5. Fig.   3A shows a cross-linking experiment between Cys in TMHs 2 and 5 using the aL120C/aH245C double mutant in the aD119H suppressor background. As was the case for cross-linking of TMHs 2 and 4, CuP treatment resulted in a subunit a band with increased electrophoretic mobility and also protected it from DABMI adduct formation. The faint band seen at the position of the DABMI adduct in the untreated sample is likely due to trace sample spill-over during loading of the wells. The magnitude of the band shift was smaller than that observed with the TMH2/TMH4 cross-links shown in Figs. 1 and 2 . A band shift of similar magnitude to that seen for 120/245 was also seen for the L120C/I246C double mutant (Fig.  3B) . The extent of cross-link formation for this mutant was variable. i.e., incomplete crosslinking in this and two other experiments. However, nearly quantitative cross-linking was observed in two other experiments. Fig. 3B also shows cross-links between G218C(TMH4) and I248C(TMH5). The specificity of cross-linking is illustrated by the lack of cross-linking between between Cys at positions 219 and 248 in TMHs 4 and 5 respectively.
Cross-Linking of TMH3 with TMHs 2, 4 and 5 -Cross-linking resulting in increased electrophoretic mobility was observed between S144C(TMH3) and L120C(TMH2) as shown in Fig. 4A ; the specificity is illustrated by the lack of cross-linking between Cys at positions 120 and 145 (Fig. 4A) . Cross-linking was also observed between N148C(TMH3) and E219C(TMH4) as shown in Fig. 4B , and the specificity illustrated here by lack of a band shift with the 148/220 Cys pair. The N148C(TMH3) Cys also cross-linked with H245C(TMH5) as shown in Fig. 4C . The 148/245 Cys pair was constructed in the D119H suppressor background.
Cross-link formation was incomplete in this and three other experiments. Specificity in TMH3/TMH5 cross-link formation is illustrated with the 149/247 Cys pair by the lack of a CuP catalyzed band shift and lack of CuP protection from DABMI adduct formation (Fig. 4C) . 
Summary of Residues Surveyed for CrossLink Formation-Examples
DISCUSSION
We have used zero length cross-linking of Cys residues introduced into four of the five TMHs in subunit a as a means of defining the spatial relationship between these helices. Cross-linking was detected by a shift in the mobility of the subunit a band during SDS polyacrylamide gel electrophoresis. Lee et al. (50) had previously used such mobility shifts in an analysis of cross-linking of the Tar chemotactic receptor.
The cross-linking between the helices may result in a more compact structure in SDS and hence greater electrophoretic mobility through the polyacrylamide gel. In this study, we generated 93 pairs of Cys residues in different transmembrane helices, and eight of these pairs were concluded to form cross-links based upon the gel shift assay.
The cross-linkable Cys residues in TMHs 2-5 are displayed in a helical wheel format in Fig.  6A . The cross-sectional arrangement of helices shown is consistent with the complete set of cross-linking data, and supports the packing of helices in a four helix bundle. The peripheral surface of TMH4 with the essential R210 residue is the surface that is cross-linkable to TMH2 of subunit c over a span of 19 residues (23). The arrangement shown in Fig. 6A is consistent with many of the results from second site suppressor analysis (20, 35, 38) , and suggests that the following pairs of mutant/suppressor residues may be structurally proximal to each other: D119 and H245, A145 and E219, G218 and H245, and E219 and H245. On the other hand, an explanation other than structural proximity is required to explain the function of the G213N/L251V mutant/suppressor pair (40) , and the salt bridge proposed by Howitt et al. (36) between D124 in TMH2 and R140 in TMH3 seems unlikely. The mild suppression of the R210Q mutation by the Q252R suppressor (39) would seem to require a slight rearrangement of TMH5 to place the essential arginine at the periphery of the four helix bundle. The arrangement of TMHs 2-4 in the four helix bundle shown in Fig. 6A differs significantly from that predicted by Cox and coworkers based solely upon genetic experiments (37, 39) . In those earlier models, packing interactions between TMH3 and TMH5 were not predicted.
A suggested vertical placement of the five TMHs of subunit a in a lipid bilayer is shown in Fig. 6B with the positions of the cross-linkable Cys pairs indicated. The general topology with five TMHs was defined by the differences in chemical reactivity of Cys introduced into periplasmic versus cytoplasmic loops to reagents added from the two sides of the membrane (20) (21) (22) . The depth of placement of TMH4 is based upon its cross-linking to TMH2 of subunit c over a span of 19 amino acid residues (23) and the vertical placement of the crystalline I . tartaricus c-ring in the lipid bilayer (14, 55) . TMHs 2, 3 and 5 are placed in the bilayer at a depth that minimizes differences in the vertical position of the paired Cys that form cross-links. In this model, the second site mutant/suppressor pairs 119/245, 145/219, 218/245, 219/245 and 210/252 also locate to nearly identical vertical positions within the lipid bilayer. The model differs significantly from the model of Zhang and Vik (56, 57) in the vertical placement of the third TMH. In the Zhang and Vik model, the cross-linkable S144C residue and A145E suppressor to E219C (20) would both locate to the periplasmic loop outside the lipid bilayer.
In previous studies from this lab, Angevine et al. (25, 26) found that Ag + inhibited ATPdriven proton pumping in a number of the Cys substituted mutants in TMHs 2, 4 and 5. Ag + is know to react covalently with the ionized Cys thiolate (58) , and the Ag + sensitive residues were concluded to be in an aqueous accessible environment where ionization would occur. Cu +2 is thought to ligand with the ionized thiolate of Cys residues while catalyzing O 2 mediated crosslinking (51) and the propensity of Cys residues to cross-link may also reflect on their aqueous accessibility. Indeed, the function of several of the cross-linkable Cys substitutions identified here was inhibited by Ag + , i.e. with D119C and L120C showing the greatest sensitivity and G218C and I248C showing moderate sensitivity. In the cross-sectional representation of the four helix bundle shown in extend from the periplasm to the center of the membrane. It remains to be proven whether this pathway serves as the route for entry of periplasmic protons to the cAsp61 protonation site during ATP synthesis. If so, the gating of the half channel to provide direct access of the proton to cAsp61 would appear to require changes in helical orientation.
In summary, the cross-linking of helices described here provides a model for the packing of TMHs 2-5 of subunit a that is consistent with most of the biochemical and genetic information pertaining to helical-helical interactions. The model and other experiments suggest that there may be two independent aqueous pathways from the center of subunit a to the periplasmic and cytoplasmic surfaces. These pathways may be gated from the region of Asn214 and Met215 to the cytoplasmic and periplasmic sides respectively.
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